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LEPTON-PAIR PRODUCTION IN RELATIVISTIC HEAVY ION
COLLISIONS : COULOMB CORRECTIONS TO TWO PHOTON MONTE
CARLO MODEL
SUMMARY
The primary goal of modern partile aelerators is to get information about
QGP whih is thought to be the state of matter in the early seonds of
universe. After Big Bang, at the temperature of 1012K, quarks and gluons,
whih are the onstituents of baryons and mesons, are thought to be deonned
in the QGP. In partile aelerators heavy-ions are aelerated to ollide and
attain the thermodynami onditions in whih QGP is formed. However the
thermodynami onditions attained by any ollision in partile aelerators may
not be suient to form QGP. Two dierent ollisions of heavy-ions our in
partile aelerators. To form QGP the heavy ions ollide head-on. However the
probability of a head-on ollision to our is low. Most ions in the beam ollide
peripherally. In peripheral ollisions, interations with high energies lead to lepton
pair produtions. Sine QGP inludes lepton pairs too, the ross setions are
alulated to examine the prodution proess and the physial properties of the
produed partiles. There are perturbative and nonperturbative approahes to
alulate the assoiated ross setions of partiles. We studied on a perturbative
approah, whih is alled two photon Monte Carlo method, among many other
perturbative approahes. The two photon model is based on a semi-lassial
model of the olliding ions and produed pairs. The ross setions are obtained
with Feynman diagrams. Monte Carlo method is applied to obtain a solution for
the ross setions. However these solutions do not inlude Coulomb elds of the
heavy-ions in whih the produed leptons satter. Adding this ontribution to
the obtained ross setions is alled Coulomb orretion. To get a more preise
result, we added Coulomb orretions to the ross setions obtained by two photon
Monte Carlo method. We investigated the behavior of prodution probability,
dierential and total ross setions for the pairs produed in Au-Au and Pb-Pb
ollisions. The unexpeted behavior of the funtions for some partiular range,
revealed some problems of the two photon Monte Carlo method and showed that,
the boundaries should be dened to use this method as a solution.
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RÖLAT˙IV˙IST˙IK HIZLARDAK˙I A ˘GIR ˙IYON ÇARPIS¸MALARINDA LEPTON
Ç˙IFT˙I ÜRET˙IM˙I: ˙IK˙I FOTON MONTE CARLO YÖNTEM˙INE COULOMB
DÜZELTMELER˙I
ÖZET
Günümüz parçak hzlandrlarnn birinil ama, evrenin ilk saniyelerinde
maddenin bulundu§u hal olan kuark gluon plazmas hakknda bilgi edinmektir.
Büyük patlamadan sonra 1012 Kelvin deree saklklarda baryon ve mezonlarn
yapta³ olan kuark ve gluonlarn serbest halde bulundu§u dü³ünülmektedir.
Kuark gluon plazmann olu³tu§u termodinamik ko³ullar sa§lamak üzere a§r
iyonlar, parçak hzlandrlarda, ³k hzlarna yakn hzlarda çarp³trlrlar.
Anak hzlandrlardaki herhangi bir çarp³mann olu³turdu§u ko³ullar kuark
gluon plasmann olu³mas için yeterli olmayabilir. Hzlandrlarda iki tür
çarp³ma gerçekle³ir. Kuark-gluon plazmann olu³mas için a§r iyonlarn, bu
iki çarp³ma türünden biri olan kafa kafaya çarp³may gerçekle³tirmeleri gerekir.
Anak bu çarp³malarn gerçekle³me olaslklar dü³üktür. Demetteki iyonlardan
ço§u sadee birbirlerine yakla³arak geçerler. Bu durumda söz konusu olan
yüksek enerjili etkile³imler ile lepton çiftleri yaratlr. Kuark gluon plazmas
da lepton çiftleri içerdi§inden, lepton çiftlerinin olu³um süreini anlamak ve
birbirinden ayrt etmek önemlidir. Bunun için olu³an lepton çiftlerinin tesir
kesitleri hesaplanr. lgili tesir kesitini hesaplama süreinde pertürbatif ve
pertürbatif olmayan yakla³mlar izlenir. Biz de tesir kesitlerini hesaplamak
için kullanlan bir çok pertürbatif yöntem arasnda olan iki foton Monte Carlo
yöntemi ile çal³tk. Bu yöntemde, a§r iki iyonun çarp³mas ve lepton çifti
üretilmesi yar klasik olarak inelenir. lgili tesir kesiti ifadeleri Feynmann
diyagramlar kullanlarak elde edilir. Bu ifadeler Monte Carlo tekni§i kullanlarak
hesaplanr. Anak bu ³ekilde elde edilen tesir kesiti çözümleri yaratlan lepton
çiftlerinin saçld§, çap³an a§r iyonlara ait olan Coulomb alanlarn içermez.
Bu etkinin elde edilmi³ olan tesir kesitine eklenmesine Coulomb düzeltmesi denir.
Daha do§ru bir çözüme ula³mak için, tesir kesitlerine Coulomb düzeltmelerini
ekleyip Au-Au ve Pb-Pb iyonlar çarp³malarndaki parçak olu³ma olaslk
fonksiyonlarnn, diferansiyel ve toplam tesir kesitlerinin davran³larn ineledik.
Bekledi§imiz davran³larn belli durumlar için gözlenememesi, iki foton Monte
Carlo tekni§inin baz problemleri oldu§unu ve çözüm olarak kullanlabilmesi için




The Relativisti Heavy Ion Collider (RHIC) at Brookhaven National Laboratory
and Large Hadron Collider in Cern (LHC) investigate the quark-gluon
plasma(QGP) whih is believed to be form of matter in the early seonds of
universe and may exist in the ores of neutron stars. To attain thermodynami
onditions in whih quarks and gluons, onstituents of baryons and mesons,
beome deonned in QGP, heavy ions are aelerated to nearly speed of light to
ollide. However when the aelerated beams of ions meet, two dierent ollisions
our; Head-on and peripheral ollisions.
Formation of QGP may form in only one type of these ollisions; When nulei
ollide head-on [1℄.The energy they have had transform to heat. The temperature
may exeed 1012 degrees above absolute zero and phase transition happen.
Protons and neutrons melt to liberate quarks and gluons and many other partiles
in suh onditions. The leptons produed with the head-on ollisions arry diret
information about the early time universe [2,3℄.
When nulei miss eah other whih is alled peripheral ollision, dierent physis
is studied. This time the thermodynami ontiditions attained are not suient
to form QGP but intense enough to produe large number of eletron-positron
pairs, muon pairs, vetor bosons and possibly the yet unonrmed Higgs boson
from the vauum. [46℄ Sine QGP ontains leptons too, the eletromagneti
prodution of these, from vauum masks the signals of the pairs produed from
hadroni interations, fundamentally dierent from other prodution mehanism,
and forms the major omponent of a physial bakground [79℄. Pair prodution
from the vauum by eletromagneti interation is therefore must be understood
in detail and distinguished from other prodution mehanism.
The thermodynami onditions assoiated with ollisions are haraterized by the
Lorentz fator γ whih is the kineti energy per nuleon and the harges Z of the
1
ions in the beam. As the Lorentz fator inreases more energeti beams leading
to more momentum transfer are obtained.
For RHIC, γ = 100 for Z=79 Au ollisions.
For LHC, γ = 3400 for Z=82 Pb ollisions.




In the semilassial approah to peripheral ollisions, the heavy ions are
represented by time dependent lassial elds in whih the eletron states
evolve [10℄.
Nulei approah eah other through the axis perpendiular to the axis of the
impat parameter, in the enter of momentum frame.
Figure 2.1: Schematic diagram of a relativistic heavy ion collision
The semilassial oupling of the eletrons to the eletromagneti eld is given
by the lagrangian [11℄;
Lint = −ψ¯(x)γµψ(x)Aµ(x) (2.1)
where Aµ(x) is the total lassial four-potential of the heavy ions 1 and 2.
In order to obtain the expression for the assoiated eld, the four-potential in the
rest frame of a point harge, Z, entered at the oordinates (0,
b
2 , 0), is determined.
A′ = 0 (2.2)
A′0 =
−Ze√

















Lorentz transformation of the potential, to the frame moving with a relativisti
veloity, β , is made by transforming the momenta to this frame.
Figure 2.2: Coordinate frames
q′0 = γ(q0 +β q‖)
q′‖ = γ(q‖ +β q0) (2.5)
q′⊥ = q⊥
Sine A′µ transforms as a four-vetor, we write;
A0(q0) = γ(A′0−β A′‖) = γA′0
A‖(q‖) = γ(A‖−βA′0) =−γβ A′0 (2.6)
A⊥(q) = A′⊥ = 0
Using 2.4 and 2.6,
A0(1) = −8pi2Zγ2 δ (q0−β qz)




Az(1) = β A0(1)
Aµ(1) = A0(1)+Az(1) (2.7)
4
Sine we work in the momentum frame, the veloity and the position of the
nuleus 2 is obtained by the substitutions b →−b and β →−β .
The eletron states evolve in the sum of the assoiated elds alulated.
Aµ = Aµ(1)+Aµ(2) (2.8)
Given the lagrangian 2.1, a semilassial ation is onstruted in terms of a time




where L0 is the noninterating fermion lagrangian given by 2.10
L0 = ψ¯(x)(γµ i∂ µ −m)ψ(x) (2.10)
The initial state vetor is assumed to orrespond to the vauum state.
lim
t→−∞
|Φ(t)〉→ |0〉= 1. (2.11)
By this onstrution the Hamiltonian is well-dened and single partile states
form a omplete and orthonormal set as in 2.12
∑
q
|χ(+)q 〉〈χ(+)q |+ χ(−)q 〉〈χ(−)q | (2.12)
Time evolution of the states is assumed to be governed by unitary dynamis; that
is,
|Φ(t)〉= K(t,−∞)|0〉 (2.13)
where KK† = K†K = 1
Equations of motion are ast into the form;
i∂tK(t, t ′) = H(x)K(t, t ′) (2.14)
where the interation hamiltonian is onstruted by the lassial potentials of
heavy ions.
H(t) = H0(t)+V(t)
H0(x) = −iα .∇ + γ0m (2.15)
V (x) = −α .A(x)+A0(x)
5
The solutions obtained from the equations of motion are perturbative in Aµ and











dτ ′K0(t,τ)V(τ)K0(τ,τ ′)V (τ ′)K0(τ ′,−∞)+ ... (2.16)
The total ross setion is written in terms of the multipliity of produed eletrons,















where 'a' is the annihilation operator and S is the assoiated sattering matrix
given by 2.19
S = T [exp(−i
∫
d4xHint(x))] (2.19)
The summation over the states k are restrited for partiles and q for antipartiles.
|χ(+)〉 represents single-partile states and |χ(−)〉 represents the single-antipartile
states.
Hene the dierental ross setion as a funtion of impat parameter is obtained
as [11℄;
dσ







3. TWO PHOTON APPROACH
The two photon approah develops perturbative solutions to 2.14 and 2.20 to
alulate the inlusive ross setion obtained semilassially, by using Feynmann
theory. The ontributions to sattering amplitute S, are from the two lowest
order Feynmann diagrams [10℄. These terms orresponds to seond order terms
in the perturbative solution of the propagator and represent the summation over
possible time orderings, inluding the terms with rossed photon lines. [12℄
( b )
( a )
Figure 3.1: The direct(a) and indirect(b) Feynmann diagrams for pair production in a heavy
ion-collision
Both the diret and indiret diagrams ontribute to the total sattering matrix.
S = S12 +S21 (3.1)
Using 3.1 for the dierential ross setion,
dσ


























×|A(+)(k,q : p⊥)+A(−)(k,q : k⊥+q⊥−p⊥)|
× |A(+)(k,q : p′⊥)+A(−)(k,q : k⊥+q⊥−p′⊥)|∗ (3.3)




∫ d3k d3q d2 p⊥
(2pi)8
×|A(+)(k,q : p⊥)+A(−)(k,q : k⊥+q⊥−p⊥)|2 (3.4)
where,
A(+)(k,q : p⊥) = F(k⊥−p⊥ : ω1)F(k⊥−p⊥ : ω2)Tkq(p⊥ : +β ) (3.5)
A(−)(k,q : p⊥) = F(k⊥−p⊥ : ω2)F(k⊥−p⊥ : ω1)Tkq(p⊥ : −β ) (3.6)
Funtion F orresponds to the salar part of the eld.
F(q : ω) =
4piZγ2β 2
ω2 +β 2|q|2 (3.7)
For F(k⊥−p⊥ : ω1) and F(k⊥−p⊥ : ω1), ω1 and ω2 are the frequenies of the













The amplitute T relates the intermediate-photon lines to the out-going fermion
lines. It expliitly depends on the veloity of the heavy ions, the transverse
momentum and the states k, q.














σk |(1−βαz)|u(s)σp 〉×〈u(s)σp |(1+βαz)|u(−)σq 〉 (3.10)
where u
(s)
σ is the spinor parts of χ(s)
8
4. MONTE CARLO SOLUTION





∫ d3k d3q d2p⊥ d2p′⊥
(2pi)9
J0(|p⊥−p′⊥|.b)
×|A(+)(k,q : p⊥)+A(−)(k,q : k⊥ +q⊥−p⊥)|






dq db J0(qb) F (q) (4.2)
where J0(qb) is the Bessel funtion of order zero and F (q) is the nine-dimensional
integral.
To solve equation 4.2 Monte Carlo tenique is applied but sine the Bessel
funtion, J0(qb), is a rapidly osillating funtion, Monte Carlo tehnique is applied
to solve only the nine-dimensional integral F (q)for xed values of q.
Numeri alulations indiate that F (q) has the form;
F (q) = F (0)e−aq = σT e−aq = C∞σ0 ln3(γ) e−aq (4.3)
where F (0) is the value of the funtion at q=0, C∞ = 2.19 is the tted parameter,
σ0 = λ 2c Z21Z22α4 is the redued ross setion and a is the slope of the graph shown
below and omputed as 1.35λc.
















The probability for produing a single pair is;
9
Figure 4.1: The function of F(q) verses q for the charges of the heavy-ions between Z1,2 = 20−90 and














For suiently high energies, the probability for produing more than one pair
inreases and ontributes the total ross setion . In addition, for high energy
and large Z range, the perturbative probability for produing a single pair 4.6,
obtained by two-photon approah violates unitarity [14℄. To solve the unitarity
problem and to obtain a probability whih inludes the number of produed
partiles, multi-pair prodution is examined.
In two-photon approah the probability for produing a single-pair were obtained
by the two lowest order Feynmann diagrams. In order to obtain an expression for
multi-pair prodution probability, higher order Feynmann diagrams are inluded.
The inluded diagrams are seleted under the assumptions of [15,16℄;
1.The interation is only between the eletromagneti elds of olliding heavy
ions.The interation between the produed pairs are negleted.
2.The interation between the produed pairs and the eletromagneti elds of
the ions is negleted.
3.Fermion loops, whih have exatly two verties attahed to eah of the ions, are
inluded.
Fig.5.2 is an example of the diagrams whih are not inluded and 5.1 is an example
of a diagram inluded.
With these assumptions, alulations lead to Poisson expression for probability





Figure 5.1: An example of a diagram included.
Figure 5.2: Diagramswhich are not included.
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6. COULOMB CORRECTIONS
To alulate the probability of multi-pair prodution, the eletromagneti
interation between the produed pairs and the elds of heavy ions were negleted.
The ross setion obtained by using the probability 5.1, is for the pairs sattered
freely. Adding the ontribution of the negleted interation to the total ross
setion to obtain a preise expression, is alled Coulomb orretions sine the
elds of the heavy ions are Coulomb elds [17℄.
The interation between the produed pairs and the elds of ions is depited in
gure 6.1.
Figure 6.1: The interaction between the produced pairs and the fields of heavy ions.











9pim2 f (Z1α) f (Z2α)ln
2(γ2) (6.3)
where









7. CORRECTION IN Au-Au COLLISIONS
In RHIC, gold ions ollide with γ = 100.
The probability for produing N-pair is given by 5.1. To obtain a more preise


















12 are given by 6.1, 6.2, 6.3 respetively.
In gure 7.1, we plotted the probabilities with and without orretions for the
N-pair prodution in a Au-Au olision with γ = 100, in the ollider frame. We
see the eet of Coulomb orretions.
In the range where the impat parameter is lower than Compton wavelenght of
the eletron, the probabilities for produing one and two-pairs are the same before
adding Coulomb orretions. Adding the ontribution of Coulomb orretions,
dereases the probability for produing more than one-pair but inreases the
propability for produing one-pair. Suh an inrease in the ross setion after
adding a orretion is unexpeted.
In the range, where the impat parameter is greater than Compton wavelenght
of the eletron, Coulomb orretion additions derease all the probabilities as
expeted.
In gure 7.2 we ploted the dierential ross setions for N-pairs as a funtion of
impat parameter. The eet of the orretions for the dierential ross setions
is the same as the prodution probabilities. In b < λc range, Coulomb orretions
inrease the dierential ross setion for one-pair and derease for more than
15














Figure 7.1: Probability of producing N-pairs in a Au-Au as a function of impact parameter b with
γ = 100 in two photon Monte Carlo model. Solid lines are the corrected calculations, and
the dashed are the calculations without corrections






















Figure 7.2: Differential cross section for the N-pair production in Au-Au collision with γ = 100 in two
photon Monte Carlo model. Solid lines are the corrected calculations, and the dashed are
the calculations without corrections
In gure 7.3 we ploted the total ross setion as a funtion of γ. Coulomb
orretions derease the total ross setions for all pairs. For b < λc range,
the probability of produing one-pair and the total ross setion for one-pair
inreased with Coulomb orretions. For total ross setion, we do not enounter
suh a problem with one-pair. The graph is over all impat parameters, and the
ontributions of small impat parameters are negligible.
In table 7.2, we ompared the total ross setions for Au-Au ollisions.
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Figure 7.3: Total cross section for the N-pair production in Au-Au collisions verses γ with two photon
Monte Carlo model. Solid lines are the corrected calculations, and the dashed are the
calculations without corrections
Table 7.1: Total pair cross sections for Au-Au collisions.




The Coulomb orretions redue the total ross setions; %16 for N=1, %28 for
N=2, %40.5 for N=3.
Although the total ross setions derease with Coulomb orretion ontribution,
the inrease in the prodution probability and the dierential ross setion of
one-pair for small impat parameters, indiates a problem in the two photon
Monte Carlo solution. We foused on the Monte Carlo part of the solution and
saw that if the parameter a, whih is the slope of the funtion F (q) given by
4.3, were greater, the prodution probability and the dierential ross setion for
one-pair would not inrease with Coulomb orretions.
We treated a as the ause of the problem and looked for a minimum value whih
satises the physial onditions we expet.
Originally a is 1.35λc. We inreased a untill we reah the minimum value
where the probability of produing one-pair with Coulomb orretions is higher
than the same probability without orretions.
With a = 1.8λc, we reah the expeted situation as in 7.4
17














Figure 7.4: Probability of producing N-pairs in a Au-Au as a function of impact parameter b with
γ = 100 in two photon Monte Carlo model for a = 1.8λc. Solid lines are the corrected
calculations, and the dashed are the calculations without corrections
In 7.5 we ploted the dierential ross setion for a = 1.8λc. We also see that the
behaviour of one and two-pairs are now dierent from eah other, ontrary to





















Figure 7.5: Differential cross section for the N-pair production in Au-Au collision with γ = 100 in two
photon Monte Carlo model for a = 1.8λc. Solid lines are the corrected calculations, and the
dashed are the calculations without corrections
In 7.6 we ploted the total ross setion for a = 1.8λc.
Table 7.2: Total pair cross sections for Au-Au collisions with a = 1.8λc.





















Figure 7.6: Total cross section for the N-pair production in Au-Au collisions verses γ with two photon
Monte Carlo model for a = 1.8λc. Solid lines are the corrected calculations, and the dashed
are the calculations without corrections
The Coulomb orretions redue the total ross setions; %18 for N=1, %33 for
N=2, %47 for N=3.
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8. CORRECTION IN Pb-Pb COLLISIONS
In LHC, lead ions ollide with γ = 3400
In gure 8.1 we ploted the probabilities with and without Coulomb orretions
for the N-pair prodution in a Pb-Pb olision with γ = 3400, in the ollider frame.
We see the eet of Coulomb orretions.















Figure 8.1: Probability of producing N-pairs in a Pb-Pb collision as a function of impact parameter b
with γ = 3400 in two photon monte carlo model. Solid lines are the corrected calculations,
and the dashed are the calculations without corrections
For small impat parameters in Pb-Pb ollisions, the probabilities for produing
N-pairs inrease with the impat parameter and we see the problem without the
aid of Coulomb orretions. An inrease in the prodution probability with the
inreasing impat parameter, does not seem physial. In this ase, we annot
limit the nonphysial situation with an impat parameter lower than Compton
wavelenght. The probabilities ontinue inreasing for the impat parameters
greater than Compton wavelenght. In this range, where the probabilities inrease
with impat parameter, Coulomb orretions also inrease the same probabilities.
However the probabilities start dereasing after reahing a maximum value and
Coulomb orretions redue the probability. For this range the results are
physial.
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In gure 8.2 we ploted the dierential ross setions of N-pairs as a funtion of
impat parameter. The eet of the orretions for the dierential ross setions




















Figure 8.2: Differential cross section for the N-pair production in Pb-Pb collision with γ = 3400 in two
photon monte carlo model. Solid lines are the corrected calculations, and the dashed are the
calculations without corrections
The aeptable situation is only for the impat parameters whih are greater than
the impat parameter for the maximum dierential ross setion. In this range,
the prodution probabilities derease with the inreasing impat parameter and
Coulomb orretions redue the dierential ross setions as expeted.















Figure 8.3: Total cross section for the N-pair production in Pb-Pb collisions verses γ in two photon
monte carlo model. Solid lines are the corrected calculations, and the dashed are the
calculations without corrections
In gure 8.3 we ploted the total ross setion as a funtion of γ. Coulomb
orretions derease the total ross setions for all pairs as in Au-Au ollisions
sine the total ross setion is over all impat parameters.
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In table 8.2, we ompared the total ross setions for Pb-Pb ollisions.
Table 8.1: Total pair cross sections for Pb-Pb collisions.




The Coulomb orretions redue the total ross setions; %5.5 for N=1, %9.3 for
N=2, %10 for N=3.
The eet of Coulomb orretions for Pb-Pb ollisions is less than as it is
for Au-Au ollisions. The problems we enountered in the region where the
prodution probabilities inrease with impat parameter and rise with Coulomb
orretions may ause this eet.
To understand the problem, we applied the same proedure as in Au-Au ollisions.
We hanged the onstant a in the equation 4.3. We inreased the value of a
until we reah a minimum value whih satises the physial onditions we expet.















Figure 8.4: Probability of producing N-pairs in a Pb-Pb collision as a function of impact parameter b
with γ = 3400 in two photon Monte Carlo model for a = 4.7λc. Solid lines are the corrected
calculations, and the dashed are the calculations without corrections
In gure 8.4 we ploted the probability for produing N-pairs as a funtion of impat
parameter for a = 4.7λc.
The dierential ross setion as a funtion of impat parameter and the total
ross setion as a funtion of γ is shown in gure 8.5 and 8.6 respetively.





















Figure 8.5: Differential cross section for the N-pair production in Pb-Pb collision with γ = 3400 in two
photon Monte Carlo model for a=4.7. Solid lines are the corrected calculations, and the
dashed are the calculations without corrections














Figure 8.6: Total cross section for the N-pair production in Pb-Pb collisions verses γ in two photon
Monte Carlo model for a=4.7. Solid lines are the corrected calculations, and the dashed are
the calculations without corrections
Table 8.2: Total pair cross sections for Pb-Pb collisions with a = 4.7λc.










We added Coulomb orretions to the ross setions of lepton pairs produed
by a peripheral heavy-ion ollision. The ross setions of the produed pairs
are obtained by two photon Monte Carlo approah. However adding Coulomb
orretions reveals some problems of this model. For small impat parameters
the orretions rises the resulting ross setions. For high energies the problem
is greater. In a Pb-Pb ollisions with γ = 3400, the prodution probability
inreases with impat parameter and Coulomb orretions. However after a limit
of impat parameter whih related with the γ fator of the ollision, the results
are ompletely aeptable. The prodution probability dereases with impat
parameter and Coulomb orretions. These results show that, the two photon
Monte Carlo aproah is adequate to explain the physis of pair prodution only
for a partiular range. To obtain reliable solutions with the two photon Monte
Carlo approah, the impat parameters whih gives nonphysial results, should
be isolated.
To understand the problem with the small impat parameters, we foused on the
Monte Carlo solution of the two photon approah. We saw that, as the parameter
a inreases, the prodution probabilities for the small impat parameters get
more reasonable. We used a = 1.8λc for Au-Au ollisions with γ = 100 and a =
4.7λc for Pb-Pb ollisions with γ = 3400. So we onlude that the value of a
may not be onstant and may depend on the γ fator or other parameters.
Our next step is to work on this problem. We are going to go over the Monte
Carlo solution, examine the parameter a and try to understand whether it is
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